Due to climate change impacts and the resulting sea-level rise, saline waters have been found further inland in tropical riverine estuaries such as the Godineau wetland, Trinidad. The saline water intrusion could constrain mangrove vegetation distribution. We investigated the surface water quality of two river channels (2 km and 6 km), emanating from a tropical wetland and from forest/agriculture at high-tide, respectively. Using a novel boat-mounted geophysical approach, spatially exhaustive river/estuarine salinity data was collected. Water quality parameters -salinity, pH and dissolved oxygen (DO) -were compared with vegetation surveyed along the course of the rivers to determine relationships between plant zonation and water quality. Our findings showed similar trends for salinity and apparent electrical conductivity, which were higher in the 2 km channel (27.10 to 31.80 dS/m) than in the 6 km channel (17.80 to 27.10 dS/m), while pH and DO levels were lower in the 2 km channel than in the 6 km channel due to higher levels of decomposition in the stagnant shorter channel. Red mangrove (Rhizophora mangle) was found in areas with little oxygen, high salinities and high acidity, making it more adaptable to conditions resulting from saline intrusion. Therefore, to replace the mangrove that has been lost due to die-off, the red mangrove maybe used in viable restoration efforts for the protection of inland areas from floods, as well as to provide ecosystem goods and services.
INTRODUCTION
Tidal inundation is one of the major determinants that have been recognized to influence mangrove distribution as it influences abiotic factors such as salinity, redox potential/oxygenation, and water physical and chemical properties (Wan et al., 2014) . These factors play an important role in plant composition, productivity, and zonation (Adams, 1963; Mahall and Park, 1976b,c; Adam, 1990; Callaway et al., 1990; Pennings and Callaway, 1992; Atwell et al., 2013; Bréchet et al., 2012) and have been the focus of increased research due to rising sea levels as a result of climate change (Feller et al., 2010; Traill et al., 2011; Nitto et al., 2014) . Throughout the world the determinants of mangrove distribution are varied and complex (Manson et al., 2003) and have long attracted scientific interest (e.g. Hutchings and Saenger, 1987; Snedaker, 1982; Tomlinson 1986 and Walsh, 1974) . Abiotic determinants which explain worldwide mangrove distribution include geomorphic processes (Thom, 1967) and tidal inundation (Clarke and Hannon, 1970) . Biotic determinants, however, comprise physiological tolerance and adaptations to salinity (Ball, 1988) , interspecific competition (Ball, 1980) , differential dispersal and predation of propagules (Rabinowitz, 1978; Smith et al., 1989) and, though less important, forest succession following land building (Louda 1989; Smith, 1992) .
Mangrove research in the Caribbean basin, however, indicates that zonation along the intertidal zone is strongly controlled by salinity as the major underlying mechanism responsible for distribution patterns (Cintron et al., 1978; Jimenez, 1990; Pool et al., 1977; Soto and Jimenez, 1982) .
One of the challenges to obtaining a better understanding of the underlying mechanisms of zonation in wetlands, and particularly in mangroves in the Caribbean, is the lack of high-resolution spatio-temporal measurements for parameters such as salinity, that are considered to be major controls, especially in complex intertidal systems (Atwell et al., 2013) . Small island developing states such as the Caribbean heavily depend on mangrove ecosystems as a source of food, a buffer against storms and a habitat to organisms. Depletion of wetlands has a greater impact on livelihoods and economies in these countries. When considering how best to restore wetlands, data that identifies water quality niches or zones, which represent one factor in species zonation, could help in the planning and targeting of restoration and management efforts.
Electromagnetic-induction (EMI) has been used for the collection of high-resolution spatio-temporal measurements (Abdu et al., 2007; Atwell et al., 2014) . The EMI is very effective in detecting salinized locations, mapping salinity extent and intensity, and finding possible sources of salinity (Paine, 2003) and as such can be used to monitor salt water intrusion in estuarine ecosystems. It produces more spatially intensive 'soft data' that can be linked to other water quality parameters (Doolittle et al., 1994; Atekwana et al., 2000) such as salinity. EMI measurements are closely related to salinity (Triantafilis et al., 2000) . Many studies have shown a strong correlation between EMI measurements and electrical conductivity of water, soil, therefore EMI signals can be used as proxies of salinity (Cameron et al., 1981; Rhoades et al., 1989; Williams and Fiddler, 1983; Wollenhaupt et al., 1986; McKenzie et al., 1989; Williams and Arunin, 1990; Slavich and Petterson, 1990; Lesch et al., 1992) . The EMI's mode of operation depends on coil orientation, spacing and operation frequency (McNeill, 1980; Doolittle et al., 1994; Atwell et al. 2013) . The weighted average conductivity measurement or apparent electrical conductivity (ECa) is obtained according to the depth response function of the meter (Doolittle et al., 1994) . The EMI-based approach can be used to infer various properties such as salinity (Rhoades et al., 1999; Hendrickx and Kachanoski, 2002) , clay content (Triantafilis et al., 2001; Triantafilis and Lesch, 2005; De Benedetto et al., 2010) , water content (Haimelin, 2008) , carbon content (Martinez et al., 2009) , soil water electrical conductivity, soil depth and temperature (Friedman, 2005) . It has the advantage of collecting dense geo-referenced spatial measurement coverage noninvasively, rapidly, and time-and cost-effectively (Blöschl and Grayson, 2000; Atwell et al., 2013) , while identifying areas of high and low conductivity at a particular depth along a water channel.
This study explores mangrove distribution and its control factors. We hypothesize that saline water intrusion affects the abiotic water quality factors (electrical conductivity, pH, DO, turbidity, temperature) that control Rhizophora mangle (red mangrove), Avicennia germinans (black mangrove) and Laguncularia racemosa (white mangrove) distribution. By adopting an innovative measurement campaign to determine water quality using conventional sensors and high spatial resolution geophysical imaging, the river/estuarine salinity patterns were monitored over the wet and dry seasons; this enabled the assessment of processes within the estuary in great detail. Therefore, our objectives were (i) to evaluate the temporal changes in abiotic water quality factors due to saline water intrusion in a tropical estuarine ecosystem, and (ii) to investigate mangrove distribution based on the temporal changes of abiotic factors along the estuarine channels.
MATERIALS AND METHODS

Location and climate
The Godineau Swamp is located in the Godineau Watershed on the south-western coast of Trinidad, lying roughly between 10° 13−15ʹ N and 61° 30−32′ W (Fig. 1) . The climate according to the Koppen classification system is a Group A tropical rainforest climate with distinct wet and dry seasons. The wet season occurs from June to December, while the dry season occurs from January to May. Similar to other humid tropical climates, during the wet season in the Godineau watershed groundwater storage accumulates raising the water table and resulting in maximum run-off from the land at the end of the wet season (Mills, 1992) . During this period, the river system is dominated by freshwater.
When the dry season sets in and terrestrial runoff is reduced, saline water penetrates further up the river (Mills, 1992) . This phenomenon, though typical, has not been substantiated by a systematic investigation in this estuarine ecosystem. The average amount of rainfall per year for the southern part of the island) is approximately 1 800 mm and average temperature is 25°C, with high evapotranspiration rates that account for up to 60% of rainfall received in some parts of the island (The Water Resources Agency, 2001).
Description of study site
The Godineau estuarine/river system comprises of a brackish coastal lagoon sheltered by a sandbar. On the landward side of this estuarine/river system there are mangroves, tidal mudflats and marshes which receive run-off from five major tributaries extending over a total area of approximately 3 200 ha (Fig. 1) . These tributaries are the Forty Foot Trench, Cipero River, St. John's River, Trinidad River and Blackwater River. These tributaries all unite in the South Oropouche River which flows into the Gulf of Paria (Ramsundar, 2005) .
Within this study region, two tributaries of the South Oropouche River were selected to investigate the plant zonation because of their mangrove coverage and accessibility. One tributary is dominated by run-off from forest and agriculture (Blue line in Fig. 1 ) whilst the other drains from the wetland (Red line in Fig. 1 ). This allowed for comparison of water quality and vegetation for the different sections of the river draining different land uses, plant communities and niches. The portion of the main channel with the most human influence (as it drains agricultural lands) begins at the Woodland Fishing Facility (Bridge 2. Fig. 1 ) and ends at the Gulf of Paria (Bridge 1. Fig. 1 ). This section of the main channel is approximately 6 km in length and 50 m in width (Fig. 1) . One of the side channels which emerges in a north-easterly direction off the main channel was also studied. This side channel was approximately 2 km in length and 30 m in width ( Fig. 1) and represented the navigable (by boat) portion of the tributary. The study channels in relation to vegetation distribution are also shown in Fig. 1 . The vegetation pattern follows the typical structure where mangrove along the coast gives way to sedge, which then gives way to grass with increasing distance inland (Fig. 1) .
The study site has been modified extensively to suit the short-term needs of the surrounding communities. In the past 10 years, levees have been built to accommodate a greater volume of water flowing through the river channel and sluice gates installed to regulate the flow of saltwater entering the wetland. It is believed that these sluice gates, which help protect crops from saltwater inundation, no longer function properly (Mills, 1992) . The main channel of the South Oropouche River carries the larger volume of water to the Gulf of Paria, which impedes the free flow of the side channel. The side channel tends to carry a lot of run-off from the mangroves and is not flushed as regularly as the main channel.
Field measurements
Field measurements (electromagnetic induction, water quality testing and mangrove identification) were conducted between the months of October 2008 and September 2009. Initially, measurements were conducted on a bimonthly basis, after which they were conducted monthly to capture changes in the river's physicochemical dynamics within and between seasons (dry and wet). The month of September was tested twice, at the beginning and at the end of the month. The measurements at the beginning of the month were done to capture the dynamics in the month of August which was not tested because of extreme weather conditions. To quantify the seasonal processes within the river, monitoring was done at high-tide so that extreme conditions that may contribute to the control of mangrove zonation would be captured. At low tide, conditions that control mangrove zonation are not as pronounced within the river, combined with the regular flushing of the river with freshwater, these controls become more difficult to capture.
Water quality measurements along the South Oropouche River
To assess water quality, we collected monthly pH, electrical conductivity, salinity, turbidity, dissolved oxygen and temperature data on the same bimonthly to monthly basis as described above using a boat-mounted Horiba U-10 (Troy, Michigan, USA) sensor at a depth of 50 cm below the water surface, to capture salinity changes at testing stations. A 50 cm depth was chosen to capture the influence of abiotic water quality factors at the region where mangrove prop and feeder roots concentrate. Sampling frequency was approximately every 300 m along the river channels at a boat speed of 3 km/h. All measurement points were geo-referenced using a GPS (3 m accuracy, Royal Tek, Kuei Shan, Tao Yuan, Taiwan). The spatial distribution of the ECa measured by electromagnetic induction (EMI) was used as an indication of the salinity gradient along the river channel. Measurements of water quality using the multiparameter quality sensor were taken based on noticeable changes discriminated by the ECa values. Therefore the number of testing stations varied depending on the freshwater inputs in a particular sampling time (Table 1) .
The spatial patterns in salt water tidal inundation up the river over an annual cycle were determined using the EMI device (Dualem 1S, Milton, Ontario, Canada). The device was placed on the bottom of the prow of a fibreglass boat. The sensor has the advantage of facilitating real-time data acquisition and large quantities of data. Therefore, a rapid boat trip down (approx. 15 min, 25 km/h) each of the river channels was adequate to collect EMI data. The EMI instrument was used to measure the apparent electrical conductivity (ECa) of the river channels; it was connected to a field computer (Archer Ultra Rugged Field PC, Juniper Systems Inc. Logan, UT, USA) which logged the data using the HGIS software package (Starpal, Fort Collins, CO, USA) and a GPS receiver (BT GPS Receiver (Royal Tek, Kuei Shan, Tao Yuan, Taiwan) which provided accurate location (accuracy 3 m) and time information for each measurement.
Mangrove identification and percentage cover estimation along the South Oropouche River
Mangrove identification and per cent cover estimations were conducted along the banks of the river. This was done using the visual estimation method in proportion (%) to the total site area (Pollock et al., 1998) , at 500 m transect intervals along the banks of the river. Identification and visual estimations based on field observations of mangrove species stands were performed by the trained staff of The National Herbarium of Trinidad and Tobago and GPS locations recorded. The location of each site where percentage cover was estimated is shown in Fig. 2 .
Data analysis
ECa data obtained using the EMI were graphed using the Stanford Geostatistical Modeling Software (SGeMS). These spatial graphs reflected the magnitude of apparent electrical conductivity at different locations within the portions of the river channels studied. Histograms, box plots and scatter plots were produced to determine the distribution and trends within the water quality dataset, while mean separation test among plant species in relation to water quality was conducted using a t-test (two sample assuming unequal variances). Regression analysis was also performed on the water quality dataset within the different mangrove zones to determine their coefficient of determination.
RESULTS AND DISCUSSION
Water quality parameters within the study channels of the South Oropouche River Very similar trends were observed for each parameter recorded in the main river channel (Fig. 3) . Average range of values for pH (7.50), electrical conductivity (38.60 dS/m), dissolved oxygen (5.20 mg/L) and temperature (28.70°C) were all highest towards the seaward edge of the river and decreased further inland with minimum values of approx. pH 7, electrical conductivity 12.90 dS/m, dissolved oxygen 3.20 mg/L and temperature 28°C. This may have been the result of mixing of fresh and sea water towards the seaward edge of the river which increased oxygen levels. Turbidity levels (81.80 NTU), however, were lowest towards the seaward edge of the river and increased further inland (100 NTU). It is suggested that this may have occurred due to sediment run-off from the land, which resulted in the highest turbidity values towards the landward edge of the river. Water temperatures can be higher at river convergences (Kiffney et al., 2006) . Therefore, with the 1 000 m mark being the point at which the main and side channel meet, temperatures were higher. The slight drop in dissolved oxygen and turbidity values at the convergence, however, could be attributed to their lower values in the side channel (Fig. 4) , which lowers the turbidity and dissolved oxygen values in the main channel at the 1 000 m mark (Fig. 3) .
The range of median values for dissolved oxygen (2.90−4.90 mg/L), electrical conductivity (7.60−43.80 dS/m) and pH (6.90−7.70) closely reflected the average values for these water quality parameters indicating the normality of the datasets (Fig. 3) . The range of median values for temperature (28.80−29.60°C) and turbidity (29.70−68.60 NTU), however, fell above and below the average values for these parameters, respectively, indicating that the datasets were skewed. The range of standard deviation values for each parameter was found above and below the mean values, indicating that the data set was acceptable. Turbidity, however, showed the most variation, with an upper standard deviation falling within the range of 29.70−68.90 NTU; its lower standard deviation fell below zero.
The water quality parameters measured in the side channel (Fig. 4) showed similar changes compared to the main channel when moving from inland waters to the river mouth. Average levels of each parameter, pH (7.50), electrical conductivity (38.60 dS/m), dissolved oxygen (5.20 mg/L), turbidity (117 NTU) and temperature (28.70°C) levels were all highest towards the seaward edge of the river and decreased further into the mangroves (land averages: pH = 7.10, conductivity = 33.20 dS/m, turbidity = 46.10 NTU, dissolved oxygen = 3.20 mg/L and temperature = 28°C). Due to the fact that this water course is sometimes stagnant, there is less variation of values and lower dissolved oxygen and pH levels than what was found in the main channel. These lower DO and pH values may be due to higher mangrove run-off, typically consisting of humic or polyphenolic substances such as humic acid, fulvic acid and tannins (Postma et al., 1976) . Direct oxidation of these weak acids lowers pH and DO while raising temperatures. Interactions between polyphenolics and seawater may also lower pH and DO (Boto and Bunt, 1981) .
The range of median values in the side channel for dissolved oxygen (2.90−4.90 mg/L), electrical conductivity (33.60−43.70 dS/m), pH (7.10−7.70) and temperature (28.80−29.60°C) closely reflected the average values for these water quality parameters indicating the normality of the datasets. The range of median values for turbidity, however, fell below (26.90−68.60 NTU) the average values for this parameter.
Turbidity showed the most variation with an upper standard deviation falling within the range of 90.60-297.40 NTU, its lower standard deviation of 1.51−6.50 NTU. This was followed by temperature which showed a lot of variation towards the seaward edge of the channel (29.80−30.50°C), and decreasing to moderate variation moving further inland 
Comparison of water quality parameters in mangrove zones
A t-test for two populations of unequal variances was performed for those combinations of species that approached normality for each parameter. The mean values of pH for R. mangle and L. racemosa zones presented on Table 2 were significantly different (P = 0.001). This was also true for conductivity (P = 1.16 x10 −7 ), turbidity (P = 0.01) and dissolved oxygen (P = 0.03). Temperature did not show any significant difference in the means between mangrove zones. The means for pH (7.23) and conductivity (29.25 dS/m) in the R. mangle zone were all significantly higher than that of the L. racemosa zone (pH = 7.08 and conductivity = 15.08 dS/m). The means for turbidity (100.39 NTU) and dissolved oxygen (3.59 mg/L), however, in the R. mangle zone were significantly lower than that of the L. racemosa zone (turbidity = 128.70 NTU and dissolved oxygen = 4.07 mg/L). Ball (1998) reported minimal species diversity in the Adelaide river floodplain, Australia, where areas of high salinity and extreme freshwater resulted in the exclusion of less tolerant species. In the current study, where the scenarios were high salinity and brackish water, the P values suggest the greatest niche differentiation between R. mangle and L. racemosa as the two species occupy physical locations that were furthest apart based on extremes in mean water quality. Furthermore, changes in the physicochemical nature of the river due to saline water intrusion reduce richness as niche differentiation decreases.
Spatial and temporal variability of salinity in the South Oropouche River
The maps showing river water ECa as a function of monthly precipitation for the EMI surveys along the South Oropouche River channels are presented in Fig. 5 and Table 3 . The general trend appears to be that as rainfall increased the average ECa decreased (study period October 2008 to September 2009); this was due to tidal flushing of the river by increased freshwater input from rainfall. The month of March experienced the least amount of rainfall (26.92 mm); however, the mean ECa measured was less than what was measured for December (89.92 mm). The sampling for the month of March was conducted at the beginning of the month soon after a large input of rain in the previous month of February (149.60 mm at the end of a month with low rainfall inputs (110.74 mm), ECa values increased in spite of the fact that the month of September followed the highest rainfall input month of August (340.90 mm). The month of December experienced 40 mm less rainfall than what was recorded for October, causing the corresponding mean ECa level to increase to 21.49 dS/m.
The month of June received 90.70 mm of rainfall and had the highest corresponding mean ECa level (32.80 dS/m). This was probably due to enhanced rainfall infiltration and percolation resulting from decreasing water levels as the hydraulic gradient increases due to the preceding intense dry months of March, April and May. The reduced water inputs lower river and water table levels while rising temperatures increase evaporation and salinity. During the month of July, which was one of the wettest months, approximately 274.80 mm of rainfall was recorded; this corresponded to the mean ECa level of 19.70 dS/m for that month (Table 3) .
The movement of saline water further inland showed a clear progression which corresponded with the amount of precipitation in the water channels. In the wetter months of October and December, where freshwater dominated the river channel, less salt water was observed as evidenced by blue pigments indicating lower mean ECa values (Fig. 5) . Rainfall for the month of February contributed to the lower mean ECa values observed in March. In the drier months of April, May and June where salt water dominated the river channels moving further inland, red and orange pigments were observed indicating higher mean ECa values.
Since different mangrove species have different tolerances to flooding (He et al., 2007) mangrove morphological adaptations can therefore play a major role in species zonation. R. mangle mangroves contain prop roots which can suspend them out of the water where they take up oxygen from the atmosphere (McKee, 1993) . A. germinans mangroves may possess short aerial roots able to withstand less flooding. L. racemosa mangroves, however, do not possess this root system and therefore depend on dissolved oxygen from the soil.
Correlations between dissolved oxygen and turbidity within the L. racemosa species may reflect a dependence upon turbid conditions to increase the dissolved oxygen content for mangrove root uptake. As species presence and abundance vary due to habitat differences (Upkong, 1997), it is possible that specific dissolved oxygen habitat differences do exist which may limit the presence and abundance of mangrove species. There is now evidence provided by locals to suggest that the R. mangle mangroves are also being found further inland. This may suggest an interspecific interaction between these mangrove species, where the R. mangle mangrove may serve as a competitor to the L. racemosa mangrove in these locales.
In the South Oropouche River, R. mangle was found present towards the seaward edge of the river which was characterised by high seawater salinities. R. mangle has been shown to be less tolerant to strongly saline soil (Odum and McIvor, 1990) and therefore prefers the seaward edge because of the regular tidal flushing that reduces the build-up of soil salinity. R. mangle, which normally has lower tolerance for soil salinity, occupies these areas. In the field site, A. germinans and L. racemosa mangroves, which can tolerate higher levels of soil salinity, were located behind the R. mangle mangroves where tidal inundation does not reach as frequently. This was supported by the direct correlation between water salinity and mangrove species zones in the South Oropouche River. Other authors such as McKee (1995) and Odum and McIvor (1990) have also found that A. germinans and L. racemosa zones were found in areas characterized by lower seaward strength salinities. The R. mangle zone was found in this study to be characterised by high seaward strength salinities; this occurrence was also reported by Odum and McIvor (1990) .
Mangrove species were found to be most dominant in particular niches, with R. mangle and L. racemosa found on the two extremes and A. germinans in the middle (Fig. 6 ). This distinctive zonation could be seen from the absence of overlap in the median and third quartile values for the parameters of conductivity and salinity (Fig. 6) , suggesting that these clear mangrove niches are influenced by conductivity. A. germinans, found in the middle, may exhibit characteristics of each species making them better able to tolerate, to a certain degree, the stresses from each extreme niche. L. racemosa is zoned according to the reciprocal effects of seawater salinity and soil salinity on R. mangle. As the salinity penetrates further upstream with increased tidal inundation due to changes in the river hydrology, modification of environmental stress factors, which different mangrove species build up tolerances against, eventually limits certain species from portions of an environmental gradient (McKee, 1995) . This effect can be seen in the South Oropouche River where R. mangle can be observed 
CONCLUSIONS
Using the novel boat-mounted electromagnetic-induction technique (Dualem-1S instrument), the spatial and temporal distribution of salinity along a riverine ecosystem at high-tide was determined. This novel technique has the advantage of navigating small tributaries, typical of inland areas, for the measuring of salinity to access saline water intrusion. Salinity values in the river were higher in the dry season than the wet season due to the constant flushing of the river with freshwater in the wet season. In the dry season salinity values were higher and not different from the seawater, as the salt water was allowed to move further inland without the flushing mechanism found in the wet season. This indicates a high potential of saline water intrusion during the dry season into the surrounding soils, which has implications for agriculture and the riverine ecosystem. Electromagnetic-induction can therefore be applied as a suitable geophysical method to monitor saline water intrusion into the riverine system. Water quality influenced the zonation of mangrove species along the river. Red mangrove (R. mangle) was the hardiest of the three species found in the Godineau swamp, mainly due to their ability to survive where there was little oxygen, high salinities and high acidity. It was observed that at high water salinities the red mangrove (R. mangle) outcompetes both the white (L. racemosa) and black mangroves (A. germinans), migrating further upstream to occupy new areas. Therefore, because of the need to replace the mangrove that has been lost due to die-off and to contend with the regular flooding within this area, the red mangrove can be used in viable restoration efforts. This is imperative for the protection of inland areas from floods, as well as to provide ecosystem goods and services to the surrounding communities. ATWELL 
